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The impact of agostic interactions (i.e., 3-center–2-electron M–H–C
bonds) on the structures and reactivity of organotransition metal
compounds is reviewed.
Introduction and Historical Perspective
S
oon after the discovery of transition metal alkyl compounds,
it became clear that the presence of the transition metal
imparted properties to the alkyl group that were unprece-
dented in the normal ambient chemistry of simple organic
compounds. For instance, the occurrence of the reversible -elim-
ination process and the ability to extract hydride from the -carbon
of a transition metal–ethyl compound are two examples of the
impact of a transition metal on an alkyl group (1).e
Further, as the methodology of single crystal structure deter-
mination rapidly advanced, there were reports of C–H systems in
which there appeared to be an unusually close approach of the
hydrogen to a metal center, as illustrated by the examples shown
in Fig. 1 (2–7). However, although the x-ray diffraction studies
provided evidence for the close approach of the hydrogen to the
metal, there was no evidence to distinguish whether this re-
f lected an attraction of the C–H bond to the metal or whether
the ligand structure was holding the C–H bond close the metal.
The former explanation was, nevertheless, strongly advanced by
Cotton (8).
In an attempt to resolve this matter, the titanium compound
(Me2PCH2CH2PMe2)TiEtCl3 illustrated in Fig. 2 was prepared
and structurally characterized by x-ray diffraction (9, 10).
(Me2PCH2CH2PMe2)TiEtCl3 was chosen as a target compound
for the following reasons: (i) the titanium center is d0, and
because the electron count is formally 12 there are empty
d-orbitals available for accepting electron density from the C–H
bond; (ii) the ligands are relatively small and would not sterically
inhibit the close approach of a C–H bond; and (iii) the ethyl
group would break the threefold symmetry about the Ti–C bond
(as compared with the corresponding methyl compound) and
thereby make identification of a Ti–H–C interaction easier.
Indeed, the crystal structure of (Me2PCH2CH2PMe2)TiEtCl3
shows a remarkably acute angle of 85.9(6)° at the -carbon
whereas a normal angle close to 109° would have been expected
in the absence of any unusual interaction. This result provided
the first unambiguous evidence that the short H–Ti distance and
acute angle must arise from an attractive force between the
titanium center and C–H bond. Soon after, a similar but smaller
distortion of an -hydrogen was observed by neutron diffraction
studies for the corresponding methyl–titanium compound (11).
The next important development in the story of -agostic ethyl
complexes came from the studies of the dynamic equilibria in the
agostic compound Cp*Co(2–C2H4)(-agostic–C2H5) as studied
by variable temperature 1H NMR spectroscopy. The identified
equilibria and energetics are summarized in Fig. 3 (12).
Very quickly it became apparent that in suitable circumstances
the C–H bond could act as a ligand to a transition metal center by
virtue of the formation of a 3-center–2-electron covalent bond. To
emphasize this point, a review on the subject was published in 1983
(13), after which the area developed rapidly, and a second review
was published in 1988 (14). These reviews have been cited 1,097 and
715 times, respectively (as of November 2006).
The term ‘‘agostic bond’’ was coined because the carbon–
hydrogen bond in simple alkyl groups had been long known as
a stable and ‘‘inert’’ bond in organic chemistry. This new
behavior with transition metal centers was clearly likely to have
considerable relevance to organometallic chemistry and in par-
ticular to organometallic catalytic reactions. Therefore, it was
thought to be worthwhile to draw attention to this phenomenon
by introducing the word ‘‘agostic’’ to describe such interactions.
In the first review (13) we defined agostic as follows:
‘‘We propose the term ‘agostic’ which will be used to
discuss the various manifestations of covalent interactions
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Fig. 2. The first structurally characterized -agostic-metal-alkyl compound.
The bond lengths and angles for the agostic ethyl group are shown.
Fig. 3. The dynamic equilibria present in the compound Cp*Co(2-C2H4)(-
agostic-C2H5). The agostic complex is the ground state structure.
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between carbon-hydrogen groups and transition metal
centers in organometallic compounds. The word agostic
will be used to refer specifically to situations in which a
hydrogen atom is covalently bonded simultaneously to
both a carbon atom and a transition metal atom.’’
The original article (13) also pointed out that agostic bonds were
likely to be ‘‘very much more common than hitherto suspected’’
and that because ‘‘carbon–hydrogen bonds are a ubiquitous
feature of organometallic chemistry it is useful to define the new
term agostic which serves to emphasize the phenomena and to
differentiate between terminal hydridoalkyl (C–M–H) systems.’’
The prediction that there would be many examples of agostic
bonds in organometallic chemistry has been amply justified over the
last 23 years. For example, a search (in November 2006) for the
word ‘‘agostic’’ in ISI Web of Science (Thomson, Philadelphia, PA)
and SciFinder Scholar (Chemical Abstracts Service, Columbus,
OH) yielded 1,031 and 1,483 items, respectively, and there were 29
papers with 100 citations. The rapid rise in the discovery of agostic
systems is reflected in the histogram in Fig. 4.
In addition to metal alkyl compounds, there are also metal
alkane compounds, so-called -complexes (15), where the al-
kane is attached to the metal by an agostic interaction (16–19),
i.e., a 3-center–2-electron M–H–C interaction. By comparison
with agostic alkyl compounds, however, metal alkane com-
pounds have very limited stability, and bona fide examples have
not been isolated in the solid state (20, 21).f Excellent evidence
for their existence, however, comes from (i) low-temperature IR
spectroscopic and NMR spectroscopic studies (16);g (ii) isotopic
labeling experiments, such as the observation of deuterium
exchange between hydride and alkyl sites, e.g., [M](CH3)D 3
[M](CH2D)H; and (iii) the measurement of kinetic isotope
effects.h
Agostic and Anagostic Interactions
The 1983 article (13) drew attention to the fact that ‘‘the agostic
C–H–M bond is similar to the familiar and long-known bridging
hydrogen systems which occur in B–H–B, M–H–M and B–H–M
groups.’’ However, the latter interactions, which are very common
examples of 3-center–2-electron bonds, are not encompassed by the
definition of ‘‘agostic.’’ Part of the reason for introducing the term
‘‘agostic’’ was to emphasize that 3-center–2-electron interactions
involving C–H bonds are unusual. As such, ‘‘agostic’’ is not synon-
ymous with ‘‘3-center–2-electron.’’ In recent years, however, certain
authors, who appear to be unaware of the reason for introducing the
term, have taken ‘‘agostic’’ to be synonymous with ‘‘3-center–2-
electron.’’ For example, M–H–B groups have been described by
certain authors as agostic interactions.i However, this is an inap-
propriate use of the term agostic, which refers specifically to
3-center–2-electron interactions involving M–H–C groups, and
does not refer to all 3-center–2-electron interactions. Although the
original definition of agostic specifically mentioned transition metal
compounds, we do, nevertheless, consider it appropriate to expand
the definition to all metals.
With respect to the definition of agostic compounds, it is
important to emphasize that not all compounds that possess
M–H–C interactions should be classified as agostic. Specifically,
it has recently become evident that there is a growing class of
molecules that exhibit M–H–C interactions for which the bond-
ing is not appropriately described as 3-center–2-electron; as such,
molecules of this type should not be classified as agostic. This
notion was first put forth by Brammer et al. (29, 30), who
analyzed complexes with M–H–N interactions and concluded
that short linear M–H–N arrangements are best described as a
‘‘hydrogen bond’’ involving a 3-center–4-electron orbital inter-
action and an electrostatic contribution in which the metal serves
as a hydrogen bond acceptor. An exemplary illustration of such
a complex that features an MH–N hydrogen bond is provided
by [Et3NH][Co(CO)4] (31). In this complex, the [Co(CO)4]
anion has an 18-electron configuration and is devoid of a vacant
orbital in the valence shell; as such, the metal is incapable of
participating in a 3-center–2-electron M–H–N interaction. Be-
cause C–H groups are known to be weak hydrogen bond donors,
Brammer et al. (29) raised the possibility that some M–H–C
interactions could be better described as ‘‘hydrogen bonds’’
rather than agostic interactions. In this regard, it is pertinent to
note that, well before the realization of agostic interactions,
Maitlis and coworkers (32) actually reported the structure of
trans-Pd(PPh3)2{C4(CO2Me)4H}Br (Fig. 5) in 1972 and sug-
gested that ‘‘. . . some interaction (hydrogen bonding?) is occur-
ring’’ between the -butadienyl hydrogen and the palladium. The
presence of the question mark in this quote, however, clearly
indicates that the nature and significance of the interaction was,
understandably, far from being properly recognized at that time.
In addition to trans-Pd(PPh3)2{C4(CO2Me)4H}Br, Brammer
and coworkers noted that a variety of other compounds could
also possibly be described as possessing M–H–C hydrogen bonds
(for example, see Fig. 5).j In many of these cases, although it had
fAlthough there are two reports of complexes in which alkanes are in the vicinity of the
metal center (refs. 20 and 21), there is no spectroscopic evidence that the alkane remains
coordinated to the metal in solution. Furthermore, for one of these complexes (ref. 21),
both the metal and alkane are disordered so that the precise details of the interaction are
uncertain.
gFor recent examples of -complexes that have been characterized by NMR spectroscopy,
see refs. 22–24.
hFor recent reviews, see refs. 25–27.
iFor a recent example, see ref. 28.
jFor other examples, see refs. 33–36.
Fig. 4. The number of publications per year found from SciFinder Scholar by
using the search term ‘‘agostic.’’
Fig. 5. Early examples of compounds that have M–H–C interactions that are
not characterized as agostic.




















been recognized that the M–H–C interactions were not the same
as that in traditional agostic compounds, the distinction sug-
gested by Brammer had not been emphasized. Indeed, Venanzi
and coworkers (37) actually introduced the term ‘‘pregostic’’ to
describe such complexes, with the interpretation being that the
interaction is preagostic, i.e., on the way to becoming agostic.k
However, because agostic refers to a 3-center–2-electron
M–H–C interaction, it is evident that neither ‘‘pregostic’’ nor
‘‘preagostic’’ are appropriate descriptions for these complexes. A
more appropriate descriptor for M–H–C interactions that do not
involve 3-center–2-electron interactions is, therefore, ‘‘anagos-
tic’’ (38), a term that was introduced by Lippard and coworkers
and which may be used to refer generally to any M–H–C
interaction that is not agostic (39).l
Agostic and anagostic M–H–C interactions are characterized
by significantly different structural and spectroscopic properties
(Fig. 6). Thus, agostic M–H–C interactions are characterized by
relatively short M–H distances (1.8–2.3 Å) and small M–H–C
bond angles (90–140°), whereas anagostic interactions are
characterized by relatively long MH distances (2.3–2.9 Å)
and large M–H–C bond angles (110–170°) (40, 41). With
respect to 1H NMR spectroscopy, a signature of an agostic
interaction is an unusually low 1JCH value, which can range from
50 to 100 Hz (13, 14). Furthermore, the chemical shifts of agostic
hydrogen atoms are typically observed upfield of the uncoordi-
nated group, whereas anagostic hydrogen atoms are typically
observed downfield; the latter observation is in accord with the
hydrogen-bonded description of the interaction.
Complexes that contain anagostic M–H–C interactions are
typically associated with d8 transition metals centers that are
square planar prior to the interaction, as illustrated by a variety
of rhodium(I) phosphinate complexes synthesized by Bergman
and coworkers (43).m Crabtree, Eisenstein, and coworkers (44)
examined the structural characteristics of complexes that fea-
tured M–H–N and M–H–C interactions in otherwise square
planar d8 complexes and concluded that although the former are
appropriately described as hydrogen bonds because the MH–N
bonds are close to the linear, the situation is ambiguous for the
M–H–C interactions. For example, although the M–H–C inter-
actions are not linear, they do not adopt the ‘‘side-on’’ arrange-
ment observed in unambiguously agostic compounds.
Prompted by the conclusion that the M–H–C interaction is not
unambiguously described as a hydrogen bond, the nature of the
anagostic MH–C interaction in a variety of square planar d8
compounds was recently addressed theoretically by Bergman,
Ellman, Oldfield, and coworkers (40). The principal conclusions
of this study are that the dz2 orbital is not involved to a significant
degree and that the interactions vary from purely electrostatic to
electrostatic with partial covalence, with the latter correspond-
ing to compounds with the shorter MH distances and stronger
interaction. Thus, although the ‘‘hydrogen bonding’’ description
of anagostic M–H–C interactions would be an extreme view of
the bonding, it does nevertheless capture the essence of the
difference between agostic and anagostic compounds. The im-
portant point is, therefore, that M–H–C interactions come in
more than one variety, and the nature of the interaction depends
critically on the metal center.
This distinction between agostic and anagostic interactions does
not, however, appear to be widely recognized, and some com-
pounds have been mischaracterized. For example, a copper(II)
complex was recently reported to possess a Cu–H–C agostic inter-
action (45), but a subsequent analysis indicates that is better
described as a weak multicentered hydrogen bond (46), i.e., an
anagostic interaction.
Consideration of MH–C and MC distances suggest that the
magnitude of interaction is typically greater for agostic compounds.
For example, metrical details pertaining to M–H–C interactions in
calixarene compounds are summarized in Table 1, from which it is




the d8 anagostic rhodium and platinum derivatives, as illustrated by
the Mo–H distance in [CalixBu
t
(OH)2(O)2]Mo(PMe3)3H2 being
0.25 Å shorter than the corresponding value in [CalixBu
t
(OH)2
(O)2]Pt(dppp), the complex with the next shortest value. The 1H
NMR spectroscopic properties of the agostic and anagostic calix-
arene compounds are also quite distinct, with the methylene
hydrogen involved in the agostic interaction of [CalixBu
t
(OH)2
(O)2]Mo(PMe3)3H2 being shifted significantly to high field (4.6
ppm), whereas that for [CalixBu
t
(OH)2(O)2]Pt(dppp) is observed at
6.5 ppm.
Factors Influencing the Formation of Agostic Compounds
The agostic M–H–C interaction involves donation of the electron
density associated with the C–H bond to a metal center that has
a 16-electron configuration.n For non-d0 metal centers, the
interaction may also be supplemented by backbonding into the
C–H * orbital.o The ability to isolate an agostic compound,
therefore, depends critically on the magnitude of these interac-
tions. Thus, if the -donation is too weak, an agostic interactionkVenanzi and coworkers (37) also offered another interpretation for ‘‘pregostic’’: agostic
of the weak type described by Pregosin.
lM–H–C interactions that are not agostic have also been referred to as pseudo-agostic (see
ref. 39).
mFor a recent analysis of M–H–C interactions in d8 Ni, Pd, and Pt compounds, see ref. 43.
nFor a recent review of theoretical aspects of agostic interactions, see ref. 47.
oThis view of the bonding in agostic compounds is necessarily simplistic. For a more detailed
discussion, see ref. 48.
Fig. 6. Structural and spectroscopic differences between agostic and ana-
gostic interactions.
Table 1. Comparison of MH and MC bond lengths involving
methylene groups in various agostic and anagostic calixarene










(OH)2(O)2]Mo(PMe3)3H2 2.01 2.73 1.31
[CalixBu
t
(OH)2(O)2]Pt(dppp) 2.25 3.04 1.24
[CalixBu
t
(OH)2(O)2]{Rh(cod)}2 2.44 3.18 1.21
[CalixBu
t
(OCH2PPH2)4]PtCl2(AuPPh3)2 2.61 3.49 1.24
[CalixBu
t
(OH)2(OCH2PPH2)2]PtCl2 2.67 3.55 1.24
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would not form, whereas if the backbonding interaction is too
strong, cleavage of the C–H bond would ensue, thereby resulting
in the formation of an alkyl–hydride derivative. A simple illus-
tration of the latter point is provided by the molybdenum and






as agostic and alkyl hydride derivatives, respectively, in the solid
state (49).
Role of Agostic Interactions in Reaction Intermediates and
Transition States
In the 1988 review of complexes exhibiting agostic bonds (14), we
speculated that ‘‘. . . it seems likely that many of the proposed
16-electron intermediates are in fact 18-electron agostic com-
pounds and the [true] 16-electron species would then become
transition states.’’ We further suggested that ‘‘. . . if there are
these agostic 18-electron intermediates, they may facilitate un-
derstanding of selectivities and other stereochemical factors
arising in catalytic reactions.’’ These predictions have been borne
out in a large number of subsequently studied systems. Proof that
agostic interactions stabilize unsaturated reaction intermediates
and play a role in determining transition states structures has
come largely from either direct observation of intermediates by
low-temperature spectroscopic techniques or through H/D iso-
tope effects. As an illustration of the significance of agostic
interactions in intermediates and transition states, we highlight
here the crucial role that such interactions play in insertion of
olefins into both early and late transition metal hydrogen and
carbon bonds as well as how such interactions are proposed to
control the stereochemistry of polymers produced via coordi-
nation/insertion chain propagation.
Polymerization of nonpolar olefins such as ethylene and
propylene is carried out commercially on a massive scale em-
ploying group 4 d0 metal complexes, particularly Ti(IV) derived
catalysts (50–53). Chain growth clearly occurs by a coordination/
insertion mechanism, and the precise details of the transition
state for insertion have received intense scrutiny from a number
of research groups. The simplest view of the insertion process
was proposed in the early 1960s by Cossee and Arlman (54, 55)
and involves olefin coordination followed by migration of the
growing alkyl chain to the bound olefin (Scheme 1). In our 1983
review (56), we suggested as an alternative, a ‘‘modified Green–
Rooney’’ mechanism in which the insertion is facilitated by an
-agostic interaction, which is present in both the ground and
transition states (Scheme 2). There is now considerable exper-
imental and theoretical evidence to support an insertion mech-
anism in which an -agostic interaction occurs in the transition
state of many such insertion reactions involving early transition
metal–alkyl complexes (57).
The most frequently used method for detecting -agostic inter-
actions in the transition states for olefin insertions has been isotopic
perturbation of stereochemistry as first proposed by Grubbs and
coworkers (58). The use of this probe is best illustrated by the work
of Bercaw and coworkers (59, 60) who showed that
[Me2Si(C5Me4)2]Sc(PMe3)H catalyzes the hydrocyclization 1,6-
dideuterio-1,5-hexadiene to produce a 1.23:1.00 ratio of the trans:cis
products (Scheme 3). This result supports a transition state for
cyclization involving an -agostic interaction with the favored
transition state being the one in which the lighter isotope, H,
occupies the bridging position as shown in Fig. 7.
Although numerous studies have established a secondary H/D
isotope effect supporting an -agostic interaction, the magnitude
of these effects vary and in some cases, including the original
Grubbs study (58) employing Cp2Ti(Cl)R/EtAlCl2, no effect is
observed. In an insightful analysis, Grubbs and Coates (57)
proposed a general mechanism shown in Scheme 4 to account for
Fig. 7. Isomeric transition states for cyclization involving an -agostic inter-
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the variable isotope effects. Specifically, no isotope effect is
observed if coordination of olefin is rate-determining (k2  k1),
whereas an isotope effect is observed if olefin insertion (k2) is
rate-determining.
Agostic interactions are proposed to play an important role in
controlling polyolefin stereochemistry which is critical in deter-
mining the physical properties and utility of these materials.
Numerous homogeneous C2 symmetric metallocene catalysts
have been shown to produce highly isotactic polypropylene
through an ‘‘enantiomorphic site control’’ mechanism in which
the same enantioface of propylene binds and inserts each time
(50, 57). The transition state proposed for insertion in a typical
C2-symmetric ansa-metallocene is shown in Fig. 8. The -agostic
interaction orients the remaining -hydrogen and -polymeryl
(P) groups in a vertical plane with the large P group occupying
the least crowded position. Propene insertion then occurs
through a four-centered transition state in which the methyl and
polymeryl groups prefer to lie trans to one another. The agostic
interaction clearly plays a key role in controlling the enantiofa-
cially selective insertion because insertion into a Ti–CH3 bond in
an analogous species is not facially selective (61, 62).
In addition to -agostic interactions, both - and -agostic
interactions are of significance in early metal olefin polymer-
ization systems. -Agostic species have been identified as the
ground-state structures in several d0 metal alkyl complexes and
are thought in many cases to be the catalyst resting state in olefin
polymerizations (63–65). Species exhibiting -agostic interac-
tions are formed upon insertion of olefins into an -agostic
species (Scheme 5) and have also been proposed as possible
catalyst resting states (66–72). These  interactions are thought
to inhibit inversion at metal (‘‘chain-swinging’’) and thus allow
for highly syndiospecific polymerization of propylene, where
strict alternation (accomplished through monomer insertion)
between sites preferring the si and re faces of propylene is
required for high syndiospecificity (57). Bercaw and coworkers
(73) recently reported experimental evidence for -agostic as-
sistance in -methyl elimination from a zirconium neopentyl
complex, the microscopic reverse of -agostic assistance in olefin
insertion.
Agostic interactions figure heavily in migratory insertion and
olefin polymerization reactions involving late transition com-
plexes, but in these cases -agostic species are the rule. cis-Olefin
hydrides can exist as either classical terminal hydrides or -ag-
ostic structures. Such species play a key role in olefin isomer-
ization and olefin dimerization reactions. In general, agostic
structures are favored for first and (less so) second row metals,
especially cationic species or species possessing ligands that
enhance the Lewis acidity of the metal center. Classical hydride
structures appear to generally be favored for third row com-
plexes or electron-rich systems.
There are many cases studied in which the metal hydride
undergoes exchange with the olefinic hydrogens through migra-
tory insertion reactions. Such reactions are particularly impor-
tant in metal-catalyzed olefin isomerizations. The classical view
of this process is that insertion occurs to form an unsaturated
species followed by C–C bond rotation and return of a different
-hydrogen to metal as shown in Scheme 6 Upper. There is
growing evidence (74–79) that a true 16e intermediate (or 14e
intermediate in the case of square planar d8 systems) is never
formed in these reactions: exchange occurs by formation of a
-agostic intermediate followed by ‘‘in-place’’ rotation of the
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C–C bond as shown in Scheme 6 Lower. The unsaturated metal
center never relinquishes contact with electron density in –CH
bonds.
Cationic nickel(II) and palladium(II) complexes of type {[2–
ArNC(R)C(R)NAr]MR} are highly active late metal cat-
alysts for polymerization of a broad spectrum of olefinic mono-
mers (80–84). The polymer microstructures obtained by using
these systems are unique and quite different from those obtained
from polymerizations by using early metal catalysts. For exam-
ple, polymerization of ethylene results in branched polymers
whose extent of branching varies depending on metal (Ni less
branched, Pd more branched), ligand substituents, temperature,
and ethylene pressure. Polymers ranging from lightly branched
semicrystalline to completely amorphous materials can be pro-
duced (80, 81, 83).
The catalyst resting states are generally the alkyl ethylene
species, but after migratory insertion, -agostic alkyl complexes
have been shown to be intermediates through independent
synthesis and spectroscopic characterization at low temperatures
(Scheme 7) (80, 85–89). These -agostic species undergo rapid
‘‘chain walking’’ by means of a series of formally -elimination/
readdition reactions as shown in Scheme 7; however, density
functional theory (DFT) studies suggest that a true olefin
hydride intermediate actually never forms in these isomeriza-
tions (90). The relative stabilities of these agostic species and,
more importantly, the rates of isomerization of these interme-
diates relative to their rate of trapping by ethylene, in large
measure control the extent and nature of the branches in the
polyolefins formed.
Although C–H bonds are weak ligands, the examples of
intramolecular coordination of C–H bonds to transition metal
centers cited here demonstrate that these agostic interactions
can nevertheless play a critical role in determining structures of
reaction intermediates and transition states and thereby control
reaction products. The structures and chemistry of complexes
exhibiting intramolecular M–H–C interactions discussed here
are clearly related to the structures and chemistry of intermo-
lecular alkane complexes discussed in articles in this special
feature.
Concluding Remarks
At the time of the 1983 review (13), intramolecular interactions
of ligand C–H bonds with transition metal centers was a phe-
nomenon not widely recognized and was assumed to be a rare
occurrence due to the poor coordinating ability of the C–H bond.
The function of the 1983 review, in addition to summarizing data
available at the time concerning such interactions, was to suggest
that agostic interactions may be significantly stronger and much
more prominent in organometallic chemistry than recognized or
anticipated. Indeed, as exemplified in Fig. 4, such interactions
are now widely recognized to occur in complexes involving
metals across the periodic table and the term ‘‘agostic’’ is in
common usage. Literally hundreds of examples presently show
that agostic interactions influence ground-state structures and
can play a critical role in dictating the structures and stabilities
of reaction intermediates and transition states. Consequently, we
predict that agostic interactions will continue to be an important
component of organometallic chemistry in the future.
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